Fixed Mask 1 (FM1) and Photon Shutter 2 (PS2) are two of the critical elements on the front end of the beamlines at the Advanced Photon Source (APS) now under construction at Argonne National Laboratory (ANL). FMl and PS2 use an enhanced heat transfer tube developed at ANL. Due to a high localized thermal gradient on these components, inclined geometry is used in their design to spread the footprint of the x-ray beam. Complete closed form solutions for steady state conditions have been developed for the analyses of the thermal and thermo-mechanical behavior of FMl and PS2. A modified Manson-Coffin fatigue relation is proposed to predict the predict the thermal fatigue. The maximum temp~ratures and maximum effective stresses have been parametrically studied. Fatigue-failure life predictions are presented for the FMl and PS2 designs.
Introduction
Fixed Mask 1 (FMl) and Photon Shutter 2 (PS2) are two of the critical elements on the front end [1] of the beamlines at the Advanced Photon Source (APS) now under construction at Argonne National Laboratory (ANL). FM1 and PS2 use an enhanced heat transfer tube developed at ANL [2] . Due to large thermal loads on these components, inclined geometry is used in their design to spread the footprint of the x-ray beam. To address the thermal and thermo-mechanical issues, analytical studies [3] have been applied to a simplified model [2] of these components. The front-end design includes a pair of fixed masks (FM) and another pair of photon shutters (PS). The FMs contain the x-ray beam, whereas the PSs fully intercept it. However, both components are designed to withstand the x-ray beam coming off the most powerful APS 1D, currently, a 2.5-m-long undulator designated Undulator A. The 2.5-m-long Undulator A has a total power of 5.2 kW. Future plans for the APS include a 5-m-Iong Undulator A with a total power of 10.4 kW. This paper deals with x-rays from the 2.5-m ID. However, the analysis will be extended to the future 5-m device.
Research, development, and analysis on FMs and PSs have much in common. The FM and the PS share a similar flow tube that offers a highly enhanced heat transfer feature [2] . The FM is a box-like aperture with tapered vertical and horizontal sides. The sides are composed of the enhanced heat transfer tube set at small grazing angles to the beam. The PS, on the other hand, is built like a "hockey stick" coil [4] set horizontally at a small grazing angle of 1.5 to 2 degrees to the beam. Therefore, the horizontal tubes of both the FM and the PS share the same analysis. The vertical tubes of FM1 have less line density C~) heat flux than the horizontal tubes, thus, the resulting temperatures and stresses are smaller.
The high energy photon beam striking these components will result in large localized temperature gradients which causes inelastic deformation. In order to predict the thermo-mechanical behavior of these components during cyclic heating, a complete closed form solution for steady state conditions has been developed, and the ANSYS finite element code has been applied to verify the results. A modified Manson-Coffin fatigue relation is proposed to predict the thermal fatigue.
The x-ray beam has a complex profile, Gaussian in the vertical direction and parabolic in the horizontal direction as shown in Fig. 1 [5] . An analysis using the closed form solution has been carried out with a Gaussian beam profile spread in the horizontal plane at a grazing angle. An analysis using ANSYS-applied real-beam-profile strikes on these components was carried out to verify the analytical solution.
Both Glidcop AL-15 [6] and oxygen-free copper (OFC) are used to fabricate these components. Glidcop has much better fatigue strength above lSrPe than does OFC [7] . The thermal fatigue properties of metal depend on the amplitude and frequency of thermal loading. The purpose of using a Glidcop plate is to let the beam strike the Glidcop surface, while the OFC acts as a cooling sub-structure. (The Glidcop plate is bonded to the OFC sub-structure. ) 
Analytical Solution
The closed form analytical solution was developed for a simplified model using Gaussiandistributed heat flux. The channel tube is stretched into a plate as shown in Fig. 2 , keeping the water-cooled area constant [2] . The thermo-analytical model can be applied to any thermal beam. In the following section, the energy equation, boundary conditions, and solution are described. The model does provide a good approximation for the channel tube.
Consequently, the thermal stress and the deformation can also be expressed and approximated in closed form. From these equations, we can follow parametrically the trend of the thermal gradient and the thermal stress due to the temperature field created by the beam.
Temperature Field
A two-dimensional, steady-state boundary value problem was assumed in our analysis [3] . Because properties of Glidcop and 0 FC are similar, we assumed they are a single materiaL Hence, the heat equation is
where The boundary conditions are
The solutions give
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er f( ... ) is known to be the error function defined by [8] , and
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Re(z) is the real part of the complex variable z; t IS the imaginary number defined by
A=i.
The x-ray beam has a complex profile, Gaussian in the vertical direction and parabolic in the horizontal direction. In order to use the closed form solution described above, we have to fit the beam power (shown in Fig. 1 ), which strikes FM1 and PS2, to a Gaussian-distributed heat flux. By using the least squares method, we found the standard deviation for the power at different distances and angles.
Stress Field
The magnitude of the cross section (xy plane) of these devices is much smaller than that of the length (z axis). Therefore they behave as thermo-elastic beams that are subject only to thermal loading. The practical analysis of elastic beams under thermal loading is usually performed under Bernoulli-Euler rules [9] . That is, sections that are plane and perpendicular to the axis before loading remain so after loading, and the effect of lateral contraction may be neglected. The only nonzero stress component is (}zz, which satisfies [9] :
where
For any cross section, the total force and moments have to be in equilibrium. That is,
where J . . . dA denotes the area integral over the cross section. From Eq. For more details about the analysis please refer to [3] .
The effective stress from the closed form solution was calculated based on the assumption that the tube was stretched into a flat plate. Calculation of the temperature and stress at the bonding surface was based on both materials being a single material. Normally, stress discontinuity will occur at the bonding surface due to differences in material properties, such as the thermal expansion coefficients and Young's moduli. It is tedious to derive solutions to reconcile discontinuity in stress at the bonding surface. Note that, in the closed form solution for two-layer materials, the interface is expected to have higher stress than is found in the closed form solution presented here.
Numerical Solution
A three-dimensional finite element analysis was carried out to verify the closed form solution for these components. The convective heat transfer coefficient has a minimum value of 3 c~2 • °C [2] . The radiation effect is negligible in our temperature range (about 2000C).
Results and Discussion
The parameters that are commonly used in both FM1 and PS2 are as follows:
The Power from 2.5-m Undulator A Q 5000 W Figures 3 and 4 show the maximum temperature on the heating surface and cooling channel wall respectively, of the Glidcop material. From Fig. 3 , we note that the maximum temperature has an optimal value. For example, for h=3 WI (em 2 °G), the optimal thickness is 5 mm to obtain a minimum surface temperature of about 215 °G. Lower temperatures can only be obtained with higher "h" values, above h=3 W I( em 2 °G). From Fig.  4 , it is seen that, under these conditions, the maximum cooling channel temperature will be about 125°G. Increasing the channel wall thickness (Glidcop plus OFC) from 5 mm to 10 mm will help reduce the cooling channel wall temperature to 90 0 G, while keeping the maximum temperature about the same (220 °G). Figure 5 shows the maximum effective stress on the Glidcop surface. The slopes of the maximum effective stress curves match the maximum temperature curves as expected.
Figures 6 and 7 show the maximum temperature and maximum effective stress, respectively, at the bonding surface for a 3. 175-mm-thick OFC tube. Figure 7 shows the trend of the stress at the bonding surface if both materials have exactly the same properties. It is desirable to keep the temperature and thermal stress low at the interface to attain a safety factor of 4 or better so that one does not need to consider the thermal fatigue in OFC. For example, for h=3 W/(cm 2 °G) with a 3 mm thick OFC tube, increasing the thickness of Glidcop from 3 mm to 6 mm decreases the maximum temperature at the bonding surface from 1400 C to 115° C, and decreases the maximum effective at the bonding surface from 120 MPa to 58 MPa. The results from the ANSYS calculation are more accurate at the bonding surface due to the assumption of " singular material" for the closed form solution. Table 1 lists the comparative results between the closed form and ANSYS solutions. Both methods agree within 5%. We curve fit the beam power (shown in Fig. 1 ) to a Gaussian-distributed heat flux for the closed form solution. The standard deviation of the curve-fit Gaussian profile is found to be 0.23 X V2 mm.
W
The maximum temperatures and effective stresses were not calculated for vertical tubes of FM1 and PS2 because the line density at any cross section is smaller than that for the horizontal tubes [3] . This can easily be seen by the fitting curve. For horizontal tubes, the standard deviation r 0 is .19 cm; for vertical tubes, the standard deviation r 0 is 0.073 cm.
PS2
The parameters that are used in the PS2 analysis are as follows: Figure 8 shows the power distribution of x-ray beam Strikes on PS2. Figures 9 and 10 show the maximum temperature on the heating surface and cooling channel wall for the different wall thickness. From Fig. 9 , we note that the maximum temperature has an optimal value. For example, for h=3 Wj(cm 2 °C), the optimal thickness is 5 mm to obtain a minimum surface temperature of about 224°C. Lower temperatures can only be obtained with a higher "h" value, above h=3 Wj(cm 2 °C). From Fig. 10 , it is seen that, under these conditions, the maximum cooling channel temperature will be about 120°C. Increasing the channel wall thickness (Glidcop plus OFC) from 5 mm to 10 mm will help reduce the cooling channel wall temperature to 100°C while keeping the maximum temperature about the same (230°C). Figure 11 shows the maximum effective stress on the Glidcop surface. The slopes of the maximum effective stress curves match the maximum temperature curves as expected. Figures 12 and 13 show the maximum temperature and maximum effective stress, respectively, at the bonding surface for a 3.175 mm thick OFC tube. It is desirable to keep the temperature and thermal stress low at the interface to attain a safety factor of 4 or better so that one does not need to consider the thermal fatigue in OFC. For example, for h=3 Wj(cm 2 °C) with a 3 mm thick OFC tube, increasing the thickness of Glidcop from 3 mm to 6 mm decreases the maximum temperature at the bonding surface from 155° C to 125° C, and decreases the maximum effective stress at the bonding surface from 130 MPa to 65 MPa. The results from the ANSYS calculations are more accurate at the bonding surface because of the assumption" singular material" for the closed form solution. Table 2 lists the comparative results between the closed form and ANSYS solutions. Both methods agree within 5%. We curve fit the beam power (shown in Fig. 1 ) to a Gaussian-distributed heat flux for the closed form solution. The standard deviation of the curve-fit Gaussian profile is found to be 0.24 X V2 mm. The optimized values of maximum stress show some discrepancies due to :
W
1. the difference between the real beam profile (ANSYS) and a curve-fit Gaussian profile (closed form), 2. an assumption for the closed form solution is that the magnitude of the cross section (xy plane) of these devices is much smaller than that of the length (z axis). However, by increasing the Glidcop thickness, the cross section (xy plane) becomes bigger, and this assumption becomes less valid.
Nevertheless, the trend from ANSYS is such that the thicker the layer of Glidcop, the lower the maximum effective stress will be when the real beam profile is used. The total material thickness is kept between 6.25 mm to 9.5 mm for the ANSYS calculations.
FM1 and PS2 of the front end are each made of two different materials, Glidcop and OFC. Glidcop has much better strength above 1500C. The purpose of using a Glidcop plate is to allow the beam to strike the Glidcop surface; the OFC acts as a cooling sub-structure. Copper sponge is brazed to the inside of the OFC tube, and a Glidcop face plate is bonded to the outside surface of the OFC. During the brazing/bonding process, the tensile strength of OFC drops. Figure 15 shows the softening curves for OFC [10] .
It is, therefore, worthwhile to optimize the Glidcop thickness to reduce the maximum effective stress at the bonding surface without needing to consider the thermal fatigue in OFC.
From Tables 1 and 2 , it is found that the maximum effective stress at the Glidcop surface is about 260 MPa regardless of the total thickness on these two devices. The yield strength of Glidcop AL-15 at 220 °G is about 350 MPa [6] .
Stephens and Schmale [7] demonstrate that Glidcop AL-15 can be subjected to high temperature (870 °G) braze thermal cycles without damage. Figure 16 shows the tensile properties of Glidcop AL-15 under braze thermal cycles [7] . According to Fig. 16 , the Glidcop face plate will retain its almost original mechanical strength under bonding/brazing.
In order to obtain thermal fatigue properties of Glidcop at 220 °G, testing should be done in the near future [11] . Daniels and Dorn [12] mentioned that the thermal failure cycle is directly related to temperature, frequency, activation energy, and stress level. A new relationship of thermal fatigue is proposed by Udouchi and Wada [13] 
To br.aze a beryllium plate on the OFC sub-structure will help the synchrotron radiation to penetrate the beryllium material. In the preliminary analysis of this design, the maximum temperature is about 10fYC. CESR has successfully used beryllium material brazed on copper tubing on the absorber [14] .
The mechanical strength of the bonding and the OFC tube is not an issue if the Glidcop thickness can be optimized as described above. ---------------------------------------- Total Thickness (cm) Total Thickness (em) 
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